Complement activation has been implicated in ischemia/reperfusion injury. This study aimed to determine whether mild hypothermia (HT) inhibits systemic and cerebral complement activation after resuscitation from cardiac arrest. Sixteen minipigs resuscitated from 8 minutes of untreated ventricular fibrillation were randomized into two groups: HT group (n = 8), treated with HT (33°C) for 12 hours; and normothermia group (n = 8), treated similarly as HT group except for cooling. Blood samples were collected at baseline and 0.5, 6, 12, and 24 hours after return of spontaneous circulation (ROSC). The brain cortex was harvested 24 hours after ROSC. Complement and pro-inflammatory markers were detected using enzyme-linked immunosorbent assay. Neurologic deficit scores were evaluated 24 hours after ROSC. C1q, Bb, mannose-binding lectin (MBL), C3b, C3a, C5a, interleukin-6, and tumor necrosis factor-α levels were significantly increased under normothermia within 24 hours after ROSC. However, these increases were significantly reduced by HT. Hypothermia decreased brain C1q, MBL, C3b, and C5a contents 24 hours after ROSC. Hypothermic pigs had a better neurologic outcome than normothermic pigs. In conclusion, complement is activated through classic, alternative, and MBL pathways after ROSC. Hypothermia inhibits systemic and cerebral complement activation, which may provide an additional mechanism of cerebral protection.
INTRODUCTION
Cardiac arrest and resuscitation represent a pathophysiologic state of whole-body ischemia/reperfusion, also described as postcardiac arrest syndrome. 1, 2 The morbidity and mortality of patients who are resuscitated from cardiac arrest can be partly attributed to the immediate and delayed effects of reperfusion injury to vital organs, especially the brain and heart. 2 Ischemia/reperfusion triggers systemic activation of the innate immune system, including a systemic inflammation response via direct effects on leukocytes, endothelium, and other tissues, and this has many features in common with sepsis. 1, 3 This systemic inflammatory response may further contribute to injury of vital organs. Growing evidence has shown that the inflammatory response is associated with complement activation. [4] [5] [6] [7] Recently, some clinical studies have showed activation of the complement system in cardiac arrest survivors. 4, 8 The complement system is one of the major components of innate immunity. Activation of the complement system contributes to a variety of protective responses, including opsonophagocytosis, coordinating various events during inflammation, and killing pathogens and removal of damaged host cells. 9 Complement is activated via three main pathways or the recently described extrinsic pathway. (1) The classic pathway is triggered by the binding of C1q to microorganisms, immune complexes, and apoptotic and necrotic cells to initiate the stepwise activation of C1r and C1s. (2) The alternative pathway is triggered by deposition of spontaneously activated complement components directly on microbial surfaces. (3) The mannose-binding lectin (MBL) pathway is initiated by the binding of MBL and serum ficolins to the terminal mannose, fucose, glucose, and N-acetyl-Dglucosamine moieties on pathogens or necrotic and apoptotic cells to activate MBL-associated serine proteases-2. 4, 10 All of these pathways converge at the point of C3-convertase formation, which cleaves C3 into C3a and C3b. 4 Increasing evidence has shown that circulating complement components can enter brain parenchyma via a damaged blood-brain barrier. 11, 12 In addition, complements and their receptors can be expressed by astrocytes, microglia, neurons, and oligodendrocytes. 11, 12 Currently, mild hypothermia is the only effective therapy for improving neurologic outcome and survival in cardiac arrest patients and animals. 1, [13] [14] [15] [16] [17] Mild hypothermia has been documented to alter the immune response and reduce pro-inflammatory cytokines. [18] [19] [20] [21] There are inconsistent results regarding the effect of mild hypothermia on the complement system. Recently, an in vitro study showed increased classic complement activation during mild hypothermia. 22 In contrast, blunted complement activation was observed in postcardiac arrest patients during 24 or 72 hours of whole-body mild hypothermia. 23, 24 However, these two observational in vivo studies lacked a normothermic (NT) control group owing to ethical considerations. Therefore, a causal effect between mild hypothermia and complement activation could not be established in these studies.
In the present study, we investigated (1) the effect of mild hypothermia on systemic and cerebral complement activation, and (2) the associations of complement activation with inflammation and neurologic outcome in a swine model of cardiac arrest.
MATERIALS AND METHODS

Preparation of Animals
This study was conducted in strict accordance with the guideline for animal care and use established by the Capital Medical University Animal Care and Use Committee. The protocol was approved by the Committee on the Ethics of Animal Experiments of Capital Medical University.
Twenty male inbred Chinese Wuzhishan minipigs (Permit Number: SYXK (Beijing) 2008-0007, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China) that were aged 4 to 6 months and weighed 27.3 ± 2.0 kg were fasted overnight, except for free access to water. Anesthesia was initiated by ketamine (20 mg/kg intramuscularly) and completed by propofol (2 mg/kg intravenously) in an ear vein. After premedication, pigs were supinely secured on the operating table with a 'V' bedding and transfused with normal saline (2 to 10 mL/kg/h intravenously guttae) to maintain a central venous pressure of 5 to 12 mm Hg. Pentobarbital (8 mg/kg intravenously) was administered at intervals of~1 hour to maintain anesthesia until 18 hours after return of spontaneous circulation (ROSC), followed by injection of propofol (0.4 mg/ kg intravenously) when necessary. Propofol was used before evaluation of neurologic deficit scores because recovery from propofol is more rapid and complete compared with pentobarbital. Fentanyl (5 μg/kg/h intravenously guttae) was administered for analgesia. After endotracheal intubation, the pigs were ventilated with a volume-controlled ventilator (Servo 900c, Siemens, Munich, Germany) with a tidal volume of 15 mL/kg, a fraction of inspiration O 2 of 0.21, and a ventilation rate of 12 to 20 breaths/min. Endtidal CO 2 was monitored with an in-line infrared capnograph (CO 2 SMO Plus monitor, Respironics, Pittsburgh, PA, USA). The ventilation rate and tidal volume were adjusted to maintain normocapnia (35 to 45 mm Hg). Arterial blood gases (ABL80, Radiometer, Copenhagen, Denmark) were analyzed to confirm adequate baseline ventilation.
To record the standard lead II electrocardiogram, three adhesive electrodes were applied to the shaved skin of two upper limbs and left lower limb. Mean aortic pressure was measured with a fluid-filled 7F catheter (Edwards Life Sciences, Irvine, CA, USA) advanced from the left femoral artery into the thoracic aorta. To measure right atrial pressure and cardiac output, a Swan-Ganz catheter (Edwards Life Sciences) was advanced from the left femoral vein and flow directed into the pulmonary artery. The electrocardiogram, aortic and right atrial pressure, and cardiac output were continuously monitored during the experiment with a monitor (Vigilance II; Edwards Life Sciences). To induce ventricular fibrillation (VF), a 5F pacing catheter was advanced from the right external jugular vein into the right ventricle. To cool pigs, a central venous cooling catheter (Icy; Alsius Corp., Irvine, CA, USA) was advanced from the right external jugular vein into the superior vena cava after induction of VF was finished and the 5Fr pacing catheter was pulled out. A temperaturesensing Foley catheter (Integral Medical Products, Shaoxing, China) was inserted into the bladder after fistulation. The central venous catheter and the temperature-sensing Foley catheter (Integral Medical Products) were connected to an external cooling device (CoolGard 3000 system, Alsius Corp.). The operation was performed using aseptic surgical techniques. All catheters were flushed and filled with heparinized normal saline (5 U/mL) to prevent clotting. Prior to induced VF, intrabladder temperature (core temperature) was adjusted to 37°C to 38°C using a heating lamp and warm packs if the temperature was lower, or an electric fan and ice bags if the temperature was higher.
Experimental Protocol
After instrumentation, the pigs were allowed to equilibrate for 30 minutes to achieve a stable resting level, and then baseline values were obtained ( Figure 1 ). Ventricular fibrillation was induced by programmed electric stimulation and confirmed by the VF wave in the electrocardiogram. Mechanical ventilation was discontinued after the onset of VF. After 8 minutes of untreated VF, cardiopulmonary resuscitation was started, which included chest compressions performed by the same investigator and ventilation conducted using a bag respirator attached to an endotracheal tube with room air. The compression-to-ventilation ratio was 30:2. After 2 minutes of cardiopulmonary resuscitation, a single 150-J biphasic electrical shock was attempted with a Smart Biphasic defibrillator (Philips Medical Systems, Andover, MA). If the shock failed, another 2 minutes of cardiopulmonary resuscitation was resumed, followed by epinephrine (30 μg/kg intravenously) via the femoral vein. Additional doses of epinephrine were administered, if necessary, every 3 minutes until ROSC was achieved. The 200-J shocks were used for the second and all subsequent attempts. Return of spontaneous circulation was defined as an organized cardiac rhythm with a mean arterial pressure of 460 mm Hg, which was sustained continuously for at least 10 minutes. 15, 16 Cardiopulmonary resuscitation was terminated if animals had no ROSC for 20 minutes. Immediately after ROSC, mechanical ventilation was resumed with the same setting as baseline values. The pigs were randomized using the envelope method into the mild hypothermic (HT) group or NT group (see details below).
These animals received postresuscitation HT or NT intensive care. Induction of mild hypothermia was initiated immediately after ROSC in the HT group. Pigs were actively cooled to a targeted body temperature of 33°C (1.0°C/h), maintained at this temperature for 12 hours, and then actively rewarmed (0.5°C/h) to~37°C using the CoolGard 3000 system (Alsius Corp.) according to the landmark study by Bernard et al. 14 Hypothermia-induced shivering was suppressed through administration of pentobarbital and warming the skin with a quilt. The NT pigs were treated identically to the HT pigs, except for cooling with the CoolGard 3000 system (Alsius Corp.). Obvious hyperthermia was prevented as much as possible by using an electric fan and ice bags.
Blood samples were collected in 0.109 mol/L trisodium citrate tubes (9:1 vol/vol) via the left femoral arterial catheter at baseline and 0.5, 6, 12, and 24 hours after ROSC. The initial 5 mL of each blood sample was discarded because of containing heparinized normal saline. The subsequent 5 mL of blood sample was immediately centrifuged at 1500 g for 10 minutes (4°C). The plasma was stored at − 80°C until analysis. At 24 hours after ROSC, neurologic deficit scores were evaluated and then the pigs were euthanized by 10 mL of potassium chloride (10 mol/L intravenously) after injecting propofol (3 mg/kg intravenously). Frontal cortex samples of the left hemisphere were rapidly harvested, immediately snap-frozen in liquid nitrogen, and subsequently stored at − 80°C until later use. The cerebral cortex was chosen for study because it is closely related to functional outcomes.
Determination of Plasma and Brain Complement Components and Plasma Pro-Inflammatory Mediators
Frozen cerebral cortex samples were homogenized in buffer containing 2 mmol/L ethylene diamine tetraacetic acid (EDTA), 10 mmol/L ethylene Figure 1 . Experimental procedure. Blood samples were collected at baseline and 0.5, 6, 12, and 24 hours after ROSC. CPR, cardiopulmonary resuscitation; ROSC, restoration of spontaneous circulation; VF, ventricular fibrillation. glycol tetraacetic acid (EGTA), 20 mmol/L Tris, 0.25 mmol/L sucrose, and 1% Triton X-100. A protease inhibitor cocktail tablet (Sigma-Aldrich, St Louis, MO, USA) was added to each 10 mL of the homogenization buffer. The homogenate was then centrifuged at 100,000g for 45 minutes (4°C) and supernatants were collected. Total protein content was determined using the Bradford method. The levels of C1q, Bb, MBL, C3b, C3a, and C5a (BlueGene Biotech, Shanghai, China) in plasma and in the homogenate of the cerebral cortex, as well as plasma tumor necrosis factor (TNF)-α and interleukin (IL)-6 (BlueGene Biotech) levels were detected using an enzyme-linked immunosorbent assay according to the manufacturer's instructions. The brain contents of complement components were expressed in pg/mg (C1q), μg/mg (MBL and C3b), and ng/mg (Bb, C3a, and C5a) of total protein content. Each sample was tested in triplicate and then averaged.
Neurologic Deficit Scores
Sedation and analgesia were discontinued at 23 hours after ROSC. Neurologic deficit scores were evaluated 24 hours after ROSC, as described previously. 16, 25 Specifically, neurologic deficit scores included the level of consciousness, motor and sensory function, respiratory patterns, and behavior (See Appendix A). The scores from each category were summed. A minimum score of zero indicated that pigs were normal, whereas a total score of 400 represented brain death. Investigators were masked to the pigs' respective treatments.
Statistical Analysis
Data are presented as the mean ± s.d. or median (interquartile range 25th to 75th percentile). After confirmation of normal distribution with the Kolmogorov-Smirnov test, variables among time points were compared using repeated-measure analysis of variance, followed by the Bonferroni test for multiple comparisons. Mauchly's sphericity test was used to validate spherical distribution, and Greenhouse-Geisser corrections were used when indicated. Student's t-test was used to assess differences between both groups at each time point. Spearman's rank correlation coefficient method was used for correlation analysis. The 24-hour survival rate was compared using Fisher's exact test. Cumulative survival curves as a function of time were generated using the Kaplan-Meier method and compared using the log-rank test. The Mann-Whitney U-test was used if the data were not normally distributed. A P-value of o0.05 was considered statistically significant. Analysis was performed using the software package SPSS 16.0 (SPSS, Chicago, IL, USA).
RESULTS
Resuscitation Data, Baseline Characteristics, and Hemodynamics
Sixteen of the 20 (80.0%) pigs were successfully resuscitated from cardiac arrest. Cardiopulmonary resuscitation time (3.2 ± 1.2 minutes versus 3.3 ± 1.1 minutes, P40.05), the number of defibrillation attempts (1.4 ± 0.6 versus 1.5 ± 0.5, P40.05), and the total amount of epinephrine used (0.9 ± 0.4 mg versus 0.8 ± 0.3 mg, P40.05) were not significantly different between the HT (n = 8) and NT (n = 8) groups.
At baseline, there were no significant differences in weight (27.3 ± 2.1 kg versus 27.2 ± 1.9 kg, P40.05), bladder temperature (37.9°C ± 0.3°C versus 37.9°C ± 0.2°C, P40.05; Figure 2 ), arterial lactate levels (0.7 ± 0.2 mmol/L versus 0.8 ± 0.3 mmol/L, P40.05), or PaO 2 (91 ± 8 mm Hg versus 92 ± 7 mm Hg, P40.05), nor in hemodynamic parameters (Table 1 ) between the groups. At 6 and 12 hours after ROSC, heart rate and cardiac output were significantly lower in the HT group compared with the NT group (all P o 0.05; Table 1 ).
Core Temperature
In the NT group, the core temperature ranged from 37.9°C to 38.4°C after ROSC, and was significantly higher at 10, 12, 20, 22, and 24 hours after ROSC than at baseline (all P o 0.05). In the HT group, the core temperature gradually decreased to the targeted temperature (32°C to 34°C) at~4 hours after ROSC, and then was maintained at this temperature for 16 hours after ROSC, followed by slow rewarming. At 24 hours after ROSC, the core temperature returned to 37.2°C ± 0.3°C.
Survival Data and Neurologic Outcomes
Four out of eight resuscitated (50.0%) pigs in the NT group and six out of eight resuscitated (75%) pigs in the HT group survived for 24 hours, but this difference (25%) in survival rate did not reach significance (P40.05). The log-rank test showed no significant difference between the two survival curves (P = 0.24; Figure 3 ). Specifically, in the NT group, three pigs died between 6 to 12 hours after ROSC and one pig died at 13 hours after ROSC. In the HT group, one pig died at 11 hours after ROSC and one pig died at 23 hours after ROSC. They all died of refractory shock.
Pigs in the HT group showed significantly lower neurologic deficit scores compared with pigs in the NT group at 24 hours after ROSC (113.3 ± 13.7 versus 203.7 ± 18.9, P o0.05). Table 2 ). No significant differences in the brain contents of Bb and C3a at 24 hours after ROSC were observed between the NT and HT groups (both P40.05).
Mild Hypothermia Decreases Plasma Interleukin-6 and Tumor Necrosis Factor-α Levels
Pigs in the NT group had higher plasma IL-6 and TNF-α levels at 6, 12, and 24 hours after ROSC (all P o 0.05) compared with baseline values (Figure 4 ). However, pigs in the HT group had lower plasma IL-6 and TNF-α levels at 6, 12, and 24 hours after ROSC (all Po 0.05) compared with the NT group. Plasma IL-6 levels were weakly positively related to C1q (r = 0.381, P = 0.003), Bb (r = 0.339, P = 0.008), C3b (r = 0.270, P = 0.037), and C3a levels (r = 0.371, P = 0.004). Plasma IL-6 levels were not correlated with MBL (r = 0.204, P = 0.118) and C5a levels (r = 0.219, P = 0.093). Tumor necrosis factor-α levels were not significantly related to C1q (r = 0.142, P = 0.278), Bb (r = − 0.020, P = 0.876), MBL (r = − 0.091, P = 0.489), C3b (r = − 0.026, P = 0.844), C3a (r = 0.040, P = 0.759), and C5a levels (r = 0.124, P = 0.085). 
DISCUSSION
The main findings of the present study were as follows. (1) Plasma levels of MBL, the complement fragments C1q, Bb, C3b, C3a, and C5a, and the pro-inflammatory mediators IL-6 and TNF-α were significantly increased within 24 hours after ROSC. (2) This increase in markers was significantly reduced by whole-body mild hypothermia, which was induced after ROSC. (3) Mild hypothermia also decreased the brain contents of C1q, MBL, C3b, and C5a at 24 hours after ROSC. (4) Plasma C1q, Bb, C3b, and C3a levels were weakly positively related to IL-6 levels, but not to TNF-α levels. Complement activation occurs immediately when the system encounters appropriate stimuli (pathogen-associated molecular patterns and/or damage-associated molecular patterns). 9, 11 Considering various activating mechanisms, complement can independently be triggered by ischemic tissues in the absence of an infection after cardiac arrest. 9 In the present pig experiment, we found that complement was activated via three pathways after ROSC. Our study showed significantly increased plasma C3b level as a marker for the converging point of the three pathways, 4 C1q as a marker for activation of the classic complement pathway, 26 Bb as a marker for activation of the alternative complement pathway, 27, 28 and MBL as a marker for complement activation of the MBL pathway. 29 Recently, two clinical studies on out-of-hospital cardiac arrest patients also suggested that the complement cascade is activated through certain pathways after ROSC. 8, 23 Significantly increased blood complement C3a and SC5b-9 levels during cardiopulmonary resuscitation and within 48 hours after ROSC were observed by Bottiger et al. 8 In addition, Bisschops et al. 23 found that activation of blood complement C4d, Bb, C3a, and terminal complement complex was increased on admission. However, in the study by Bisschops et al., 23 changes at subsequent time points were not measured because all the patients were treated with mild hypothermia and an NT control group was lacking because of ethical considerations.
Complement activation after ROSC might play a vital role in the pathogenesis of ischemia/reperfusion injury. 4, 10 Complement activation has been considered as a system that orchestrates and connects various responses during immune and inflammatory reactions, and is not merely a killer of bacteria. 9 Under some pathophysiologic conditions, an excess of complement is deleterious to the host. 9, 12 Previous studies have showed that excessive or inappropriate complement activation has been implicated in the most pathologic inflammatory events, 9, 30 including upregulation of adhesion molecules, activation of polymorphonuclear leukocytes, chemotaxis, expression of IL-8, and monocyte chemoattractant protein-1 by endothelial cells, which occur shortly after the ischemic insult. 31 In addition, complement activation directly generates the inflammatory mediators C3a and C5a, and leads to cellular injury by insertion of the cytolytic membrane attack complex C5b-9. 32 The systemic inflammatory response occurring after ROSC has been characterized as a part of postcardiac arrest syndrome. 1 Our finding of a significant increase in the proinflammatory mediators IL-6 and TNF-α 24 hours after ROSC is consistent with previous studies. 19, 23, 33 In addition, we found that IL-6, but not TNF-α levels, were weakly positively related to the plasma complement fragments C1q, Bb, C3b, and C3a. This relation may be because of the regulation of complement fragments on expression of pro-inflammatory mediators. 34, 35 Fischer et al. 34 showed that C3a increases the expression of IL-6 and enhances lipopolysaccharide-induced nuclear factor-kappaB, and activates protein-1 binding activity in vitro. 34 Production of IL-6 and IL-8 triggered by C1q has also been showed in human umbilical vein endothelial cells. 35 Therefore, based on the above-mentioned observations, we conclude that complement activation after ROSC may be correlated with the initiation and development of the systemic inflammatory response, which synergistically contributes to postresuscitation ischemia/reperfusion injury.
Considering that excessive complement activation contributes to ischemia/reperfusion injury, inhibition of complement as a neuroprotective strategy after cardiac arrest has been proposed. 4 Interestingly, we found that whole-body mild hypothermia was also associated with inhibited activation of plasma C1q, C3b, Bb, MBL, C3a, and C5a levels after ROSC, which indicated inhibited complement activation of all the three pathways (classic, alternative, and MBL). Inhibited activation of complement, as shown by a decrease in the C1r-C1s-C1 inhibitor complex, C4bc, C3bPBb, C3bc, and soluble terminal complement complex, was also recently observed in postcardiac arrest patients during 72 hours of mild hypothermia. 24 This inhibition of hypothermia on complement activation may be because of decreased enzymatic activity at lower temperatures, which is a common property of enzymatic reactions. 36 However, recently, Shah et al. 22 observed that hypothermia increased classic complement activation in vitro. 22 One of the main reasons for this inconsistence with our results could be because of the complicated mechanisms of complement activation in vivo, which are different from those in the in vitro study that only showed an independent effect of hypothermia on antibodyinitiated complement activation. 22 In addition, a shorter duration (1 hour) of hypothermia and the nonischemia/reperfusion model in the in vitro study are limitations that could partly explain the discrepancy between studies. In the present study, mild hypothermia was associated with an improved neurologic outcome, which is consistent with previous studies. 13, 14, 17 Moreover, a lesser decrease in the apparent diffusion coefficient and N-acetyl aspartate/creatinine and a greater increase in choline/creatinine, which were detected by magnetic resonance spectroscopy, and an improvement in microscopic and ultrastructural abnormalities, and mitochondrial dysfunction in brain tissue after ROSC during mild hypothermia have been shown in our previous studies. 15, 16, 37 In the present study, we also observed a significant decrease in the brain contents of C1q, MBL, C3b, and C5a after treatment with mild hypothermia, which indicated inhibited complement activation through classic and MBL pathways, even at 24 hours after ROSC. Therefore, based on the above findings we speculate that inhibition of mild hypothermia on complement activation may be associated with postresuscitation ischemia/reperfusion injury, thus improving neurologic outcome after ROSC.
The inhibition of mild hypothermia on pro-inflammatory mediators in the plasma and tissues has been documented in many animal 19, 38 and human 18 studies, despite some contradictory results. 39, 40 The present study further showed this inhibitory effect of mild hypothermia on pro-inflammatory mediators. Because of regulation of complement activation on inflammation as discussed above, inhibition of mild hypothermia on the systemic inflammatory response and complement activation after ROSC could synergistically contribute to neuroprotection.
However, there are some limitations in this study. First, we focused on changes in the complement system in brain tissues only after rewarming (at 24 hours after ROSC), but the changes during mild hypothermia were not investigated. Second, the effects of different magnitudes and different onset times of hypothermia on complement activation were also not investigated. These factors need to be examined in future studies. Third, the experiment was performed only in healthy young male pigs, whereas most individuals (males or females) with cardiac arrest are old and have underlying diseases, especially heart diseases. Fourth, we failed to find a significant effect of mild hypothermia on survival rate because of the small sample size. Finally, a high tidal volume (15 mL/kg), which was used to maintain normocapnia, may induce lung injury with subsequent inflammation. Nevertheless, all the pigs were ventilated using the same procedure, regardless of their group assignment.
In conclusion, the complement system is activated through classic, alternative, and MBL pathways after ROSC. Whole-body mild hypothermia is associated with inhibited systemic and cerebral complement activation, which may provide an additional mechanism of cerebral protection. Values are assigned for deficits in neurological function (e.g., a score of 0 is normal and a score of 400 reflects brain death).
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